Effects of Nonionic Surfactant Addition on Populations of Polycyclic Aromatic Hydrocarbon-Degrading Bacteria in a Bioreactor Treating Contaminated Soil † by Zhu, Hongbo et al.
Effects of Nonionic Surfactant Addition on Populations of
Polycyclic Aromatic Hydrocarbon-Degrading Bacteria in a
Bioreactor Treating Contaminated Soil
Hongbo Zhu, David Singleton, and Michael D. Aitken*
Department of Environmental Sciences and Engineering, Gillings School of Global Public Health,
University of North Carolina, Chapel Hill, NC 27599-7431
Abstract
We studied the effects of two polyethoxylated nonionic surfactants, Brij 30 and C12E8, on populations
of polycyclic aromatic hydrocarbon- (PAH-) degrading bacteria from a bioreactor treating PAH-
contaminated soil. Each surfactant was evaluated at doses that corresponded to aqueous-phase
concentrations both above and below the critical micelle concentration (CMC) after mixing with
reactor slurry. Real-time quantitative PCR was used to quantify 16S ribosomal RNA (rRNA) gene
sequences representing degraders of salicylate, naphthalene, phenanthrene or pyrene previously
identified in the bioreactor community by stable-isotope probing. Sequences representing two groups
of organisms associated with degradation of naphthalene and/or salicylate in the bioreactor increased
in abundance by more than an order of magnitude after incubation with either surfactant at each dose
tested. In contrast, the abundance of a group of uncultivated pyrene-degrading bacteria, whose
relative abundance in the soil without surfactant addition was up to 9% of the total 16S rRNA genes,
decreased by an order of magnitude or more in the presence of each surfactant at each dose. These
results indicate that surfactant addition can have substantial, differential effects on populations of
organisms responsible for contaminant degradation within a microbial community.
Introduction
The contamination of soils and sediments by polycyclic aromatic hydrocarbons (PAHs) is a
common problem at industrial sites. Although PAHs are known to be biodegradable, the extent
to which they are available to microorganisms capable of degrading them in a field-
contaminated soil or sediment depends on site-specific conditions, particularly the solid-phase
components with which PAHs associate. A number of studies have shown that only a fraction
of any given PAH desorbs relatively rapidly from field-contaminated soil or sediment (1,2),
which can be comparable to the fraction available for biodegradation (3,4). In situations in
which PAH biodegradation is controlled by bioavailability, strategies to release the PAHs from
their partitioning compartments in the solid phase might be warranted to meet cleanup goals
at a particular site.
Surfactants can increase the release of hydrophobic organic compounds (HOCs) from soil to
the liquid phase by solubilization into micelles (5-7). However, only a few studies have been
conducted on the effects of surfactants on the biodegradation of PAHs in field-contaminated
soil (8-10) and even fewer have evaluated the effects of surfactants on the microbial community
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in such systems. Carmichael and Pfaender (11) evaluated the effects of two surfactants on
phenanthrene-degrading microorganisms in contaminated soil from a wood-treatment site,
using most-probable-number (MPN) enumeration; neither surfactant led to a significant change
in the number of phenanthrene degraders after a one-week incubation. Other studies have
followed changes in the microbial community as a result of surfactant addition in soils spiked
with PAHs, using “fingerprinting” methods such as denaturing-gradient gel electrophoresis
(DGGE) analysis (12) and phospholipid fatty acid (PLFA) profiles (13). In neither case was it
possible to quantify the effects of the surfactant on the PAH-degrading organisms.
The objectives of the present study were to investigate the effects of surfactant addition on
PAH-degrading populations in soil slurry from a bioreactor treating contaminated soil from a
former manufactured-gas plant (MGP) site, whether such effects were dose-dependent, and
whether they might correspond to observed patterns of PAH biodegradation. Two nonionic,
ethoxylated alcohol surfactants with different hydrophile-lipophile balance (HLB) values were
used: polyoxyethylene(4) lauryl ether (Brij 30), which is a relatively hydrophobic surfactant
(HLB 9.7), and octaethylene glycol mono n-dodecyl ether (C12E8), which is a relatively
hydrophilic surfactant (HLB 13.1); these surfactants differ only in the length of the
polyethoxylate moiety. Three doses were evaluated for each surfactant, corresponding to
aqueous-phase concentrations below, slightly above and well above the critical micelle
concentration (CMC). In a companion paper (14) we report that Brij 30 enhanced PAH
biodegradation in the soil slurry from the bioreactor, whereas C12E8 did not. To evaluate
whether differences in PAH biodegradation resulted from differences in the effects of each
surfactant on PAH-degrading bacteria, we quantified the 16S rRNA gene sequences
representing naphthalene-, salicylate-, phenanthrene-, and pyrene-degrading bacteria in the
bioreactor that had been identified previously by DNA-based stable-isotope probing (SIP)
(15-17). The targeted bacteria are summarized in Table 1 and include groups that are not related
to any previously isolated or characterized species. Because Brij 30 was able to enhance PAH
degradation at the lowest (sub-CMC) dose (14), we also evaluated its influence on initial rates
of naphthalene, phenanthrene, pyrene and benzo[a]pyrene (BaP) mineralization at that dose.
Materials and Methods
Chemicals
Brij 30, C12E8, [ring-UL-14C]salicylate, [UL-14C]naphthalene, [9-14C]phenanthrene,
[4,5,9,10-14C]pyrene, and [7-14C]BaP were all purchased from Sigma-Aldrich (St. Louis,
Missouri). The specific activities of the 14C-labeled compounds were 10 mCi/mmol, 17.8 mCi/
mmol, 8.3 mCi/mmol, and 26.6 mCi/mmol, respectively.
Samples
The soil used in this study was the effluent slurry from a bench-scale, aerobic bioreactor used
to treat soil from a former MGP site in Charlotte, NC (20). Concentrations of PAHs in the
treated soil before and after surfactant addition are reported elsewhere (14).
Experimental Design
The overall design of the experiments to evaluate the effect of surfactant addition on PAH
biodegradation over a period of 18 d is described elsewhere (14). Briefly, for each surfactant
we first quantified its sorption to the soil to determine the aqueous-phase concentration as a
function of surfactant dose. Three doses were then selected to correspond to an aqueous-phase
concentration below, slightly above and well above the CMC. Brij 30 was evaluated at doses
of 5, 20 and 50 mg/g dry soil and C12E8 was evaluated at doses of 2, 10 and 25 mg/g dry soil.
Biodegradation of PAHs was quantified by comparing their concentrations before and after
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incubation relative to inhibited controls. The desorption of PAHs was also quantified at the
lowest dose for each surfactant.
Preliminary experiments were performed to evaluate surfactant toxicity by following the
mineralization of two water-soluble substrates: acetate as an indicator of general microbial
activity (21) and salicylate as an indicator more specific to PAH metabolism. These
experiments were conducted immediately after surfactant addition and after 2 d of incubation
with surfactant before adding the 14C-labeled substrate.
The same batch of reactor slurry that was used for the biodegradation experiment with a given
surfactant (14) was used to quantify specific organisms by real-time quantitative PCR (qPCR),
mineralization of salicylate as a function of the selected surfactant doses, and mineralization
of PAHs. PAH mineralization was evaluated only at the lowest (sub-CMC) dose of Brij 30
because 14C-PAH partitioning into micelles at the higher doses would have confounded
interpretation of the mineralization data. PAH mineralization was not evaluated for C12E8
because it did not enhance PAH degradation at any dose (14).
Mineralization Assays
For mineralization assays on [14C]salicylate, [14C]naphthalene, [14C]phenanthrene, [14C]
pyrene, and [14C] BaP, six replicate samples were prepared for each of five conditions for each
surfactant: no surfactant, surfactant at each of the three doses, and inhibited controls. Slurry
from the bioreactor was first centrifuged, the supernatant discarded, aliquots of the soil pellet
distributed to replicate vessels, and the soil re-suspended to 6.35 mL at a solids concentration
of 10% (w:w) in phosphate buffer (pH 7). Inhibited controls were prepared by adding sodium
azide to a concentration of 0.3 mg/mL. All tubes were shaken at 200 rpm at room temperature.
Three tubes for each condition were taken from the shaker for DNA extraction (2 mL) and
mineralization assays (4.35 mL) at day 4, and the remaining three tubes were removed for the
same analyses at day 18.
Each assay consisted of adding 20,000 disintegrations per minute (dpm) of [14C]salicylate
dissolved in water, or 14C-labeled PAH dissolved in dimethyl sulfoxide (DMSO), into soil
slurry. Incubations with the radiolabeled substrate were intended to capture the initial period
over which mineralization was considered to be linear (20 min each for naphthalene and
phenanthrene, 30 min for salicylate, 16 h for pyrene and 24 h for BaP). Other details of
mineralization assays are described elsewhere (19). Reported mineralization data are
normalized per unit soil dry wt.
Residual Surfactant Concentration
The surface tension of the filtered liquid phase from samples obtained during the PAH
biodegradation incubations (14) were analyzed by a Du Nouy tensiometer (CSC Scientific Co.,
Fairfax, VA). Samples were diluted as necessary to achieve a final surface tension
corresponding to a surfactant concentration below the CMC. The concentration of residual
surfactant was calculated using a calibration curve of surface tension vs. surfactant
concentration and adjusting for dilution.
qPCR
DNA was extracted from 2 mL of slurry in triplicate samples without surfactant addition at
day 0 and for each incubation condition after 18 d (except the inhibited controls), using the
MoBio (Carlsbad, CA) UltraClean Soil DNA kit. For each reaction, 1 L of DNA as template
was analyzed in a SmartCycler system (Cepheid, Sunnyvale, CA) with a SYBR®Green PCR
kit (Qiagen Inc., Valencia, CA). Total bacterial 16S rRNA genes and the sequences
representing 16S rRNA genes associated with the six groups of bacteria shown in Table 1 were
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quantified using primers summarized in Table S1 of the Supporting Information and methods
described elsewhere (16-18). For each group, the absolute gene copy number and the
abundance of that sequence relative to total eubacterial 16S rRNA genes were calculated using
group-specific standard curves as described elsewhere (16-18). For any set of triplicate data
that contained a value below the quantification limit, the mean and standard deviation were
calculated using Cohen’s maximum likelihood estimator method for censored data (22).
Results
Preliminary Experiments
Initial rates of mineralization of [14C]acetate were measured to test the potential toxicity of
Brij 30 or C12E8 to the general microbial community in the bioreactor. Each surfactant appeared
to inhibit acetate mineralization slightly immediately after the surfactant was added to the soil
slurry, but mineralization was greatly enhanced if the surfactant was allowed to reach sorption
equilibrium with the soil over a 2-d period (Figure S1 in Supporting Information). A similar
preliminary experiment with salicylate was performed to determine whether surfactant addition
might affect the mineralization of a water-soluble substrate known to be an intermediate in the
degradation pathway for several PAHs (23-27). Both surfactants decreased initial rates of
salicylate mineralization when they were initially added to the slurry at 40 mg/g. With a 2-d
pre-equilibration period, mineralization in samples with C12E8 was comparable to that of the
controls without surfactant, whereas Brij 30 substantially increased salicylate mineralization
(data not shown).
Salicylate and PAH Mineralization
Any condition that substantially changes the abundance of a specific organism should
correspond to changes in observed rates of activity, such as mineralization of a particular
substrate. Accordingly, we measured initial rates of mineralization of salicylate and selected
PAHs (see Materials and Methods for the periods corresponding to the initial rate for each
substrate) after incubating the soil slurry with or without surfactant. The initial rate of salicylate
mineralization was quantified at the three surfactant doses selected to evaluate PAH
biodegradation (14). As shown in Figure 1, the mineralization of salicylate was inhibited
immediately after either surfactant was added to the slurry except for C12E8 addition at the
lowest dose (2 mg/g). After 4 d of incubation, salicylate mineralization was still inhibited in
the samples incubated with the two higher doses of either surfactant, but it increased at the
lowest dose (corresponding to aqueous concentrations below the CMC); for Brij 30 the initial
rate was approximately 3-fold higher than in the incubation without surfactant. After 18 d of
incubation, salicylate mineralization in all samples containing surfactant was 5-6 times higher
than in the control without surfactant for Brij 30 and 3-4 times higher than in the control for
C12E8.
Because Brij 30 at the lowest (sub-CMC) dose had the greatest effect on PAH biodegradation
(14), we evaluated its effect on the mineralization of naphthalene, phenanthrene, pyrene, and
BaP as representative 2-, 3-, 4-, and 5-ring compounds, respectively (Figure 2). Initial rates of
mineralization increased significantly (t-test, p <0.05) within four days of incubation with Brij
30 for naphthalene and phenanthrene, whereas pyrene and BaP mineralization were both
inhibited over this period. After 18 d, however, the initial rate of pyrene mineralization was
slightly higher in the presence of Brij 30 than in the surfactant-free control, and BaP
mineralization was comparable to that observed in the control.
Residual surfactant
Based on surface tension measurements at the end of the 18-d incubations, the liquid-phase
concentrations of Brij 30 at the two lower doses and of C12E8 at all three doses were negligible.
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At the highest dose of Brij 30, however, the surface tension was about twice the value that
would have corresponded to the predicted equilibrium surfactant concentration in the liquid
phase at that dose (14). The residual concentration of either surfactant at the highest dose in
the inhibited controls after 18 d was about 30% of the predicted equilibrium concentration (data
not shown).
qPCR
The effects of surfactant addition on total bacterial 16S rRNA genes and on 16S genes for six
groups of organisms previously identified as degraders of salicylate, naphthalene,
phenanthrene or pyrene are summarized in Table 2 for Brij 30 and Table 3 for C12E8. The total
bacterial 16S rRNA gene copy number increased slightly after 18 d of incubation with Brij 30
at all three doses relative to controls with no surfactant addition. It also increased by an order
of magnitude at the two higher doses of C12E8, but was not affected at the lowest dose.
Sequences representing three groups of organisms in the bioreactor slurry that previously were
associated with salicylate degradation (17) were quantified. Two of these groups, referred to
as SG2 and SG3, are closely related to naphthalene-degrading bacteria identified in the same
bioreactor slurry, whereas the third group, SG1, is not (15,17). The 16S rRNA gene sequences
representing SG3 increased one to two orders of magnitude above the quantification limit in
the samples that had been incubated for 18 d with either surfactant at all three doses (Tables 2
and 3). Group SG3 was 6-7% of the total bacterial 16S rRNA genes after incubation with Brij
30 at the two lowest doses and at least 4% after C12E8 addition at all three doses. The relative
abundance of group SG1 increased by an order of magnitude above the quantification limit, to
1-2% of the total bacterial 16S rRNA genes, in response to the two lower doses of Brij 30 and
the two higher doses of C12E8. The 16S rRNA genes representing SG2 organisms were below
the quantification limit of 3 × 105 copies/g soil in all samples from all incubations.
In previous work we identified Acidovorax spp. as the predominant phenanthrene-degrading
bacteria in the bioreactor slurry (15,18). These organisms were below the quantification limit
in all samples from the incubations with Brij 30 and near or below the quantification limit in
incubations with C12E8 (Table 3).
Two groups of bacteria (PG1 and PG2) unrelated to any cultivated organism were previously
identified as the predominant pyrene-degrading bacteria in the bioreactor (16) and also were
found to grow on phenanthrene (18). Copies of the 16S rRNA genes representing PG1 were
not greatly affected by either surfactant (Tables 2 and 3). Both surfactants, however, decreased
the abundance of sequences representing PG2, in most cases by at least an order of magnitude.
Discussion
The effects of surfactant addition on PAH degradation in contaminated soil pretreated in an
aerobic, slurry-phase bioreactor are reported elsewhere (14). Briefly, the concentrations of all
3- and 4-ring PAHs were reduced by 20-50% in the slurry amended with Brij 30 at the two
lower doses (at which PAH solubilization was negligible), whereas removal of only the 3-ring
PAHs was significantly enhanced at the highest Brij 30 dose. In contrast, C12E8 did not enhance
PAH removal at any dose. The purpose of the work reported here was to determine whether
the two surfactants had differential effects on known PAH-degrading bacteria in the bioreactor
as well.
Increases in total bacterial abundance in response to the addition of either surfactant (Tables
2 and 3) could have been due to growth on the surfactant, which has been observed in other
studies (7,9,12,28,29), or to growth on contaminants whose availability may have increased as
a result of surfactant addition. However, C12E8 did not increase the bioavailability of the PAHs
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(14) and the apparent loss of C12E8 (at all three doses) and Brij 30 (at the two lower doses)
over the 18-d incubation period is consistent with their possible use as growth substrates.
The enhancement of salicylate mineralization after surfactant addition (Figure 1) was an
unexpected finding, given that at neutral pH salicylate is water-soluble and that neither
surfactant contains an aromatic moiety whose metabolism might stimulate the growth of
salicylate-degrading bacteria. The increase in salicylate mineralization is consistent with the
substantial increases in abundance of sequences representing two groups of salicylate-
degrading organisms, SG1 and SG3, after incubation with both surfactants (Tables 2 and 3).
From the available data it is not possible to elucidate which substrates were used for growth
by SG1 and SG3 organisms during incubations with the surfactants. Group SG1 includes
organisms related to Curvibacter and Polaromonas spp. (Table 1). We are not aware of a prior
link of Curvibacter organisms to PAH degradation, but Polaromonas spp. include organisms
associated with growth on pyrene and phenanthrene in a biofilm community (30) and with
growth on naphthalene (31); in the latter case, Polaromonas naphthalenivorans was not able
to degrade either phenanthrene or pyrene (31). Group SG3, which comprises organisms related
to Ralstonia eutropha and other Ralstonia spp. (17), has been associated with naphthalene
degradation in the bioreactor by SIP (15). However, naphthalene degradation was not improved
at any dose of either surfactant, which was explained by their inability to enhance the desorption
of naphthalene in the soil slurry (14). Ralstonia eutropha (previously classified as Alcaligenes
eutrophus (32)) is known to grow on the ethoxylated alcohol surfactant polyoxyethylene(10)
lauryl ether (33), which is structurally similar to the surfactants used in this study. Ralstonia
spp., including R. eutropha, are also known to grow on anthracene (34) and phenanthrene
(35). In previous work, we observed that the addition of phthalate to the bioreactor slurry led
to enrichment of Ralstonia spp. in group SG3 (19); the enrichment corresponded to slight
enhancements in the mineralization of phenanthrene and pyrene over a 24-h period (19).
The pyrene-degrading group PG2 was a major member of the microbial community in the
bioreactor soil slurry before surfactant addition, comprising 5-9% of the total 16S rRNA genes.
Incubation for 18 d with either surfactant reduced the abundance of sequences representing
PG2 by at least an order of magnitude compared to controls without surfactant addition, except
at the lowest dose of C12E8 (Tables 2 and 3). Despite the large decrease in abundance of PG2
organisms, pyrene degradation increased by 35% after Brij 30 addition at the two lowest doses
(14) and its mineralization in incubations amended with Brij 30 for 18 d at the lowest dose was
comparable to that in incubations without surfactant addition (Figure 2). These results could
not be explained by changes in abundance of sequences representing PG1, another pyrene-
degrading group that had been identified by SIP in the bioreactor (16). Group PG1 was a
relatively minor constituent of the microbial community, with an initial relative abundance <
0.1%, and Brij 30 addition either decreased or did not affect the abundance of these organisms
(Table 2). Therefore, it appears that organisms other than these major pyrene degraders
previously identified by SIP were responsible for enhanced pyrene removal in the presence of
Brij 30.
Overall, both surfactants had comparable effects (positive, negative and neutral) on each group
of organisms we quantified (Tables 2 and 3), yet the addition of Brij 30 enhanced the biological
removal of PAHs remaining after slurry-phase bioremediation and C12E8 did not (14). This
difference was attributed to the observation that only Brij 30 enhanced PAH bioavailability
(14), which thus appears to be a necessary condition for enhanced PAH removal. A second
necessary condition is that surfactant addition not adversely affect the microbial community,
which could negate any positive effect of the surfactant on contaminant bioavailability. Such
an effect was not observed, as each surfactant generally increased total bacterial abundance as
well as the two groups of organisms designated SG1 and SG3. In addition, based on
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mineralization data (Figure 2), Brij 30 increased the capacity for naphthalene and phenanthrene
degradation by the bioreactor community. The substantial increase in abundance of SG3
organisms could account for the stimulation in naphthalene mineralization, as these organisms
are known naphthalene degraders (15). Enhanced phenanthrene mineralization in response to
Brij 30 suggests that there was a significant increase in the concentration of organisms that
were collectively capable of mineralizing phenanthrene. However, the abundance of
Acidovorax organisms, the predominant phenanthrene degraders in bioreactor community as
determined by SIP (15), was not above the quantification limit at any dose of Brij 30. Of the
bacterial groups we followed by qPCR, the only two that increased by at least an order of
magnitude after Brij 30 addition, SG1 and SG3, did not appear to be associated with
phenanthrene mineralization (17).
It is clear that there were PAH-degrading organisms in the bioreactor community that we did
not quantify. We focused on the organisms that were previously identified by SIP, but it should
be noted that SIP would have selected for organisms that grew most rapidly on the added 13C-
labeled PAH. Other organisms capable of metabolizing the same PAH, albeit more slowly,
could have been responsible for increases in PAH removal and/or phenanthrene mineralization
activity in response to Brij 30 addition. Note that increases in PAH removal would not
necessarily have been coupled to growth-related metabolism. For example, partial metabolism
that would not have led to growth or to mineralization could explain the discrepancy between
increases in pyrene removal (14) and lack of stimulation of pyrene mineralization (Figure 2)
in response to Brij 30.
Despite the prevalence of molecular tools in microbial community analysis, there are still
relatively few studies in which these tools have been used to evaluate biological treatment of
field-contaminated soil or sediment. In studies on PAH-contaminated systems, investigators
have used DGGE or thermal-gradient gel electrophoresis coupled to identification of 16S rRNA
gene sequences of selected bands (36-38); PLFA profiles (39); clone libraries (40); and qPCR
of functional genes relevant to aromatic hydrocarbon metabolism (38,39). To our knowledge,
the present study and our previous work on enrichment of the bioreactor slurry with salicylate
(17) or phthalate (19) are the only studies to evaluate the effects of bioremediation strategies
on field-contaminated soil by quantification of relevant organisms that had been identified by
SIP.
Surfactants can serve as growth substrates for microorganisms, especially for the easily
degradable surfactants (41); therefore, the addition of a surfactant to soil can lead to enrichment
of surfactant-degrading organisms (7,9,12,28,29,33). Our two-stage approach of adding the
surfactant in a batch treatment process after conventional slurry-phase biological treatment
would preclude the enrichment of surfactant degraders during the primary bioremediation stage
(14). We have demonstrated that surfactant addition in a second stage can lead to substantial
changes in populations of indigenous organisms capable of degrading the target contaminants,
both positively and negatively. Although the application of molecular tools such as SIP and
qPCR has improved our ability to study population dynamics in field-contaminated soil, more
work still needs to be done to fully understand the responses of indigenous microorganisms to
remediation strategies. Such understanding can lead to better predictive capabilities for
bioremediation.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Mineralization of [14C]salicylate by the microbial community in soil slurry incubated with
various doses of (a) Brij 30 or (b) C12E8 for different periods of time (day 0 is immediately
after adding the surfactant). Values are means and standard deviations of triplicate incubations
and represent initial rate measurements for aliquots of soil slurry taken at the indicated
incubation time.
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Mineralization of [14C]naphthalene (NAP), [14C]phenanthrene (PHN), [14C]pyrene (PYR) and
[14C]BaP in soil slurry with or without Brij 30 addition at 5 mg/g. Values are means and
standard deviations of triplicate incubations and represent initial rate measurements for aliquots
of soil slurry taken at the indicated incubation time. Data to the left of the dashed line are for
mineralization assays that were conducted after 4 days of incubation with or without Brij 30,
and data to the right of the dashed line are for assays conducted after 18 days of incubation.
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Table 1
Bacterial groups previously identified by SIP that were quantified before and after amendment of bioreactor
slurry with surfactants
Target group Growth substrate(s)a Closely related species
Salicylate Group 1
(SG1)










Acidovorax spp. phenanthrene (15) Acidovorax spp.
Pyrene Group 1 (PG1) pyrene (16), phenanthrene (18) uncultivated
β-Proteobacteria
Pyrene Group 2 (PG2) pyrene, (16), phenanthrene (18) uncultivated γ-Proteobacteria
a
Determined by DNA-based SIP except as noted otherwise.
b
Inferred by large increase in abundance in response to enrichment of the bioreactor slurry with phthalate (19).
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